Abstract: Hemoglobin is the protein in red blood cells that carries and distributes oxygen to the body. Methemoglobinemia is a blood disorder in which an abnormal amount of methemoglobin (MetHb), a form of hemoglobin (Hb), is produced from either inadequate MetHb reductase activity or too much MetHb production or by exposure to oxidizing agents. This could lead to anoxia and death if it is not treated. However, this parameter has not been investigated as a valid post-mortem indicator because random MetHb levels have been observed in various studies: MetHb increases can be observed due to autoxidation during storage, and MetHb decreases can be observed due to MetHb reductase or microbial activity in post-mortem samples. MetHb variations can also come from the blood state and can interfere in the optical measurements of MetHb. We have studied the postmortem MetHb concentrations according to various storage conditions. Based on our results, both the post-mortem delay and the delay before analysis should be reduced whenever possible to avoid changes in MetHb. If the analysis is delayed for a short period of time (two weeks), the blood sample taken at autopsy should not be frozen but collected in EDTA preservative and stored under refrigeration (4-6°C) until analysis. If the analysis is delayed for a longer period (more than two weeks), the blood sample should be frozen with cryoprotectant at -80°C or -196°C.
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Methemoglobin (MetHb) is a form of the oxygen-carrying metalloprotein hemoglobin (Hb), in which the iron in the heme group is in the Fe 3+ (ferric) state, not the Fe 2+ (ferrous) state of normal Hb. MetHb cannot bind oxygen and is a factor in asphyxia, which can lead to lethal anoxia. Methemoglobinemia is characterized by varying degrees of cyanosis due to increased concentrations of Hb, which contains oxidized iron. This phenomenon can therefore be easily diagnosed and analyzed in living individuals. [1] [2] [3] [4] [5] Small concentrations of MetHb can be found in the blood of normal individuals. Increased concentrations of
MetHb can be consecutive to the action of certain chemicals, such as nitrates [6] , nitrites [7] , alkyl nitrites such as poppers [8] [9] [10] [11] [12] and phosphide [13, 14] . Certain drugs are also known to cause methemoglobinemia [15] , including benzocaine, prilocaine or lidocaine, which are topical anesthetics that are used as cocaine adulterants and during bronchoscopy, laryngoscopy, or upper gastrointestinal endoscopy [16] [17] [18] [19] [20] . Finally, methemoglobinemia can occur in individuals with specific genetic defects, such as a lack of NADH diaphorase [21] , NADH MetHb reductase (autosomal recessive deficiencies in cytochrome b5 or cytochrome b5 reductase) [22] or an aberrant form of Hb [23] . As a result, methemoglobinemia results from inadequate enzyme activity, too much MetHb production or exposure to oxidizing agents.
Although the postmortem measurement of MetHb is not considered a valid indicator of antemortem methemoglobinemia [24] , other studies have identified elevated postmortem MetHb as a fatal hypoxic cofactor [25] . Exposure to oxidizing vehicles' exhaust fumes (nitrous oxides) [26] , ingesting nitrites and nitrates [27] [28] [29] , or poisoning with alkyl nitrites ("poppers") by ingestion or inhalation [30] , can lead to fatal MetHb increases. However, only cases describing a MetHb measurement at bedside or rapidly after blood sampling on living persons are applicable because the storage conditions used for postmortem blood appear to be critical to avoiding MetHb variations. Indeed, the temperature, storage time, preservative, and quality of blood (linked to post-mortem delay and degree of body alteration) can all influence the postmortem MetHb [31] [32] [33] .
The aim of this study is to document the stability of postmortem MetHb and identify the storage parameters that could eventually change its value. Storage guidelines are needed in order to analyse post-mortem MetHb. MetHb has been identified as very useful to diagnose clinical pathologies or health events and scientists have hypothesized the MetHb relevance in post-mortem conclusions. However, the post-mortem relevance of MetHb cannot be studied if it is biased by inadequate storage conditions.
Materials and Methods
Blood specimens and storage conditions Postmortem specimens of femoral and cardiac blood were collected during autopsies of deceased individuals at the University Center of Legal Medicine, Lausanne Hospital. The selection of subjects was only done according to the postmortem interval (PMI). Four categories of blood measurements were performed and constituted the inclusion criteria: PMI < 12 hours (n = 4), 12 < PMI < 24 hours (n = 4), 24 < PMI < 48 hours (n = 6) and PMI > 48 hours (n = 4). However, depending on the experimental point over the time, MetHb values were not available because of measurement problems/artifacts due to the sample states and analysis dates (weekend). As result, the exclusion criterion was the impossibility to obtain a MetHb measurement.
The number of cases in each category was a limiting factor because more cases would be needed to increase the statistical strength of the results. However, the random inclusion of cases received in our center determined the study design because peripheral and cardiac blood samples from cases with PMI < 12 hours are very rare, as are analyzable samples coming from cases with PMI > 48 hours.
The samples were collected in 2.7 mL tubes containing preservatives, such as ethylenediaminetetraacetic acid (EDTA) or sodium fluoride, and without any preservative (native blood). 
CO-oximetry
MetHb saturation was measured by CO-oximetry with an Avoximeter 4000 from ITC (Edison, USA) and the analyses were done according to the requirements of manufacturer defining the operational and valid ranges.
No sample preparation is required, and analysis is quickly accomplished by injecting the sample into a disposable cuvette and inserting the cuvette into the instrument. The instrument illuminates the sample with multiple wavelengths, records the optical density at each of the wavelengths, and computes the results.
Optical quality controls were performed according to the standard procedures for the instrument before each batch of analyses. The MetHb reportable range was 0 -85 %, with an accuracy of ± 1.5 % and a precision of 0.7 %, according to the manufacturer. Hemolysis, bilirubin fetal hemoglobin, and indocyanine green dye can cause interference, but it occurs in less than 1 % of all analyses.
MetHb analyses were directly performed on blood stored at ambient temperature and refrigerated. Frozen samples were kept at room temperature until they were completely thawed before analysis. However, refrigerated and thawed samples were analyzed when their temperature was between +4 and +20°C.
Results
A multifactorial analysis of variance was done on the MetHb measurements to identify the most influential parameters during the storage of blood samples. The results compiled in Table 1 hours (Figure 2 ), storing blood with EDTA and sodium fluoride at refrigerated temperature or without preservatives at room temperature were found to be the best ways to prevent increases in MetHb over time.
Considering the category of 24 < post-mortem delay < 48 hours (Figure 3) , storing blood without preservatives at refrigerated temperature was found to be the best way to prevent MetHb increases over time.
After two weeks and four opening/closing cycles, MetHb was still below 5 %, as at Day 0.
Considering the category of post-mortem delay > 48 hours (Figure 4 ), only samples with EDTA or without preservatives stored at refrigerated temperatures can be considered to have prevented MetHb increases over time because after four weeks and five opening/closing cycles, MetHb was still below 10 %.
Discussion Cardiac vs. Peripheral blood
The results clearly indicate that the MetHb measurement is not influenced by the anatomical origin of blood.
For the same considered body, regardless of the post-mortem delay and storage parameters used, the MetHb saturation can be considered similar between cardiac and peripheral blood. However, for both types of blood, with an increase in the storage delay before analysis, opening/closing and/or freezing/thawing cycles, the blood state becomes problematic for obtaining optical measurements by using a CO-oximeter because of artifact generation.
Preservative
To limit the potential oxidation of blood by air during the sampling and different opening/closing cycles, the dead volumes in tubes were reduced to a volume between 0 and 50 % of the total tube volume. However, the addition of preservatives to the blood tube before storage could be important for understanding the MetHb variations. The role of preservatives in MetHb variations should not be interpreted without considering the thermal storage conditions, as shown in Table 1 The best compromise, considering all of the post-mortem delays, seems to be a refrigerated storage of EDTA-treated blood, for which no significant MetHb variations were observed over four weeks.
Temperature and storage delay
This parameter appears to be the most important, whereas the storage conditions of samples before analysis are not always documented or available. It should also be interpreted considering the presence/absence of preservatives and, in some studies, with concern for the presence of cryoprotectant for in frozen storage.
The major point for this parameter is that simple frozen storage at -20°C should be completely avoided if 
Relevance of post-mortem MetHb
This preliminary storage study aims to identify storage conditions to prevent MetHb changes and investigate the validity of post-mortem MetHb based on reliable measurements. However, the literature is scarce concerning post-mortem MetHb validity. Random post-mortem MetHb variations were observed, and the consensus of the studies' conclusions was the unsuitability of using post-mortem MetHb as an indicator.
However, the available studies on this topic used non-optimized storage conditions and were occasionally insufficiently detailed concerning blood sample storage. Indeed, the storage conditions can easily explain the decrease of MetHb in positive samples or its increase in negative samples.
The first study on a post-mortem decrease in MetHb was published in 1974 and stated that the intracellular enzymatic reduction of MetHb to Hb by MetHb reductase could continue after death; enzymatic activity was not effectively inhibited by fluoride but was thermally deactivated (heating during fire) [38] . Similarly, a
MetHb decrease was noticed in hemolyzed post-mortem blood due to bacterial contamination [38] . These results are still valid and very informative for defining storage guidelines: post-mortem MetHb should not be measured on contaminated samples, and the analysis should be performed rapidly after collection; if it is delayed, MetHb reductase should be inhibited.
Another study on post-mortem MetHb validity was published in 1984 [24] and concluded that the post- Four years ago, another study was performed on post-mortem MetHb comparing dead victims of exhaustfume poisoning and fire to dead victims of gas poisoning [25] . The post-mortem MetHb was measured in cardiac blood within 48 h after death and without prior freezing by using three methods (Hitachi 139
Spectrophotometer, a polarographic oxygen analyzer and a cyanmethemoglobin method). The post-mortem
MetHb measured in the blood of the victims of fire and exhaust-fume poisoning was found to be significantly higher than that of victims of gas poisoning. Considering the storage conditions, which did not promote an increase in MetHb, these results support the validity of post-mortem MetHb measurement. This conclusion has also been supported by more recent works. A study performed in 2009 on femoral blood obtained from a dead victim suspected of fatal and deliberate automobile exhaust inhalation led to significantly high MetHb saturation (56 %) [26] . The post-mortem delay until the deceased was found was estimated to be several hours, and the story of the body was well documented. From the scene, the body was stored in a refrigerated room for two days, transferred to a university hospital and kept in a refrigerated room 
Limitations
This study aims to determine the best storage conditions for MetHb in blood samples. This work was done with four categories of PMI and a lot of storage variables but the number of cases per category needs to be increased for a higher degree of statistical significance. Once identified, the best storage conditions should be applied to a more important number of postmortem blood samples because the post-mortem delay, cause and circumstances of death could cause initial increases in MetHb.
Conclusion
To avoid MetHb changes, the post-mortem storage delay and delay in sampling for analysis should be reduced as much as possible. If the analysis is delayed for a short time (two weeks), the blood sample taken at autopsy should not be frozen but collected in EDTA preservative and stored under refrigeration (4-6°C) until analysis. If the analysis is delayed for a longer period (more than two weeks), the blood sample should be frozen with cryoprotectant at -80°C or -196°C. Finally, opening/closing cycles should be avoided because they cause potential autoxidation increases. However, blood samples of poor quality due to delays and/or sample heating or putrefaction should not be analyzed because the blood state can cause optical artifacts for Considering these storage guidelines, the post-mortem MetHb should be widely monitored to confirm the validity of using the post-mortem MetHb as a methemoglobinemia indicator.
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